Two-center resonant photoionization 
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Photoionization of an atom A, in the presence of a neighboring atom B, can proceed via res- 
onant excitation of B with subsequent energy transfer to A through two-center electron-electron 
correlation. We demonstrate that this two-center mechanism can strongly outperform direct pho- 
toionization at nanometer internuclear distances and possesses characteristic features in its time 
development and the spectrum of emitted electrons. 

PACS numbers: 32.80.-t, 32.80.Hd, 33.60.-|-q, 82.50.Hp 



Ever since Einstein proposed his interpretation of the 
photoelectric effect [1|, photoionization (PI) studies on 
atoms and molecules have played a key role for our un- 
derstanding of the basic laws of quantum physics. Mod- 
ern PI experiments providing complete information on all 
quantum degrees of freedom allow for stringent tests of 
the most advanced calculations [2] ■ A new era of PI stud- 
ies is presently being opened by the worldwide emergence 
of advanced light sources such as x-ray free-electron laser 
(XFEL) facilities (see |3| and references therein). 

The structure and time evolution of matter on a mi- 
croscopic scale crucially depends on electron-electron cor- 
relations. Their influence ranges from atoms and small 
molecules to organic macromolecules and solids. Electron 
correlations are responsible for deexcitation reactions in 
slow atomic collisions [4| and quantum gases [5|. They 
play a prominent role in energy transfer between chro- 
mophores [6J and lattice dynamics in polymers [7| . They 
also represent the origin of magnetism and superconduc- 
tivity [8|. Another effect caused by electron correlations 
is ultrafast intermolecular decay of inner- valence vacan- 
cies which has been recently observed in various rare gas 
dimers and clusters lol-llll and water molecules 121. Also 



Ul| and water molecules 
electron-ion recombination can be grea tly enhanced by 
the presence of a neighboring atom [13| . 

PI may reveal particularly clean manifestations of 
electronic correlations. Prominent examples are single- 
photon double ionization [l4J, laser-induced autoioniza- 
tion 15[, and non-sequential double ionization in strong 



laser fields [16 1. 



Against this background we study in this Letter photo 
ionization, which involves resonant electronic correlations 
between two neighboring atomic centers (atoms, ions or 
molecules). In this process, which may be termed two- 
center photo ionization (2CPI), one of the reaction path- 
ways for ionization of an atom is radiationless transfer of 
excitation from a neighboring atom, whose bound states 
are resonantly coupled by the external electromagnetic 
(EM) field (see Fig.l). Characteristic properties of 2CPI 
are revealed both in quite weak and more intense EM 
fields. In case of weak fields PI can be enhanced by or- 
ders of magnitude in the presence of a neighboring atom. 
The case of more intense fields is characterized by a step- 



wise development of the ionization in time and multiple 
peaks in the energy spectrum of photoelectrons. Corre- 
sponding experiments may be feasible at synchrotron or 
XFEL beamlines. Our study thus connects the currently 
very active research areas of interatomic phenomena [9|- 
13 1 and field- induced PI dynamics [Sj. Another example 
of this topical combination are decay mechanisms in mul- 
tiply ionized clusters [17| after XFEL irradiation. 

In order to understand the basics of 2CPI, we con- 
sider PI in a very simple atomic system consisting of 
two one-electron atoms {A and B). Both are initially 
in their ground states and separated by a distance R 
large enough, such that one can still speak about individ- 
ual atoms. Let, for definiteness, the ionization potential 
I A = — £o of the atom A be smaller than the excitation 
energy Ai^s = ee — cq of a dipole allowed Is-np transition 
in the atom B. If such a system is irradiated by an EM 
field with frequency wq « ^Eb , the presence of the atom 
B may have a substantial influence on the ionization pro- 
cess. Indeed, in such a case the atom A can be ionized 
not only directly but also via resonance photoexcitation 
of the atom B into the nl-state with its consequent deex- 
citation through the transfer of energy AEb to the atom 
A which results in ionization of the latter. Obviously 
2CPI cannot occur in homoatomic systems. 

Let us suppose that the atomic nuclei having charge 
numbers Za and Zb, respectively, are at rest. We take 
the position of the nucleus Za as the origin and denote 
the coordinates of the nucleus Zb, the electron of the 
atom A and that of the atom B by R, ri and r2 = R+ ^ , 
respectively, where ^ is the position of the electron of 
the atom B with respect to the nucleus Zb- 
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FIG. 1: Scheme of two-center photo ionization (2CPI). 



Our consideration of the photoionization process is 
based on the equation :18] 



ldt\^)^{Ho + W + Vrad)\^)^ 



(1) 



Here |^) is the state vector of the system consisting of the 
atoms A, B and the radiation field, Hq is the sum of the 
Hamihonians for the noninteracting atoms A and B and 
the free radiation field, Vrad the interaction of the elec- 
trons with the radiation field and W is the interaction of 
the electrons with the external EM field. The latter will 
be taken as a classical, linearly polarized field, described 
by the vector potential A — cFo/wqCOS (wgi — ko • r), 
where wq = c/cq and ko are the angular frequency and 
wave vector, c is the speed of light and Fq is the field 
strength. The interaction W then reads 
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where Pj is the momentum operator for the j-tli electron. 

In order to treat the interaction of the electrons with 
the radiation field we adopt the covariant approach in 
which the radiation field is described by four potentials 
in a Lorentz gauge and the interaction between the elec- 
trons is mediated by the exchange of so-called transverse, 
longitudinal and scalar photons (see e.g. ^9,]). Note that 
within such an approach the electron-electron interaction 
is fully determined by the coupling of the electrons to the 
radiation field. 

In the process under consideration we have essentially 
four different basic two-electron configurations: (I) ^g — 
''^o(ri)xo( ^ ) ~ both electrons are in the corresponding 
ground states uo and xo; (H) tpa = uo(ri)xe( I ), in 
which the electron of the atom A is in the ground state 
while the electron of the atom B is in the excited state 
Xe\ (III) ■0p.g = ■"p(ri)xo( € ) ^ the electron of the atom 
v4 is in a continuum state Up and the electron of the atom 
B in the ground state; and (IV) Vp,e — Up(ri)Xe( € ) - 



the electron of the atom A is in a state 



while the 



electron of the atom B is in the state Xe- 

The radiation field is initially in its vacuum state |0) 
and then undergoes a transition into a state |k, A) in 
which one transverse (A — 1,2), longitudinal (A — 3) or 
scalar (A — 0) photon with momentum k is present. 

Taking all this into account, one can look for the so- 
lution for \^) by expanding it into the 'complete' set of 
quantum states according to 

I*) = (s'^g + a^Q + / c'^PapV'p.g 

+ j d^p/3pV'p,e ) |0) + X! (ffk.A^'g + flk.Al/'a 
+ j d=^pa^' Vp.g + j rf'p/3^' Vp.e) |k. A) .(3) 



By inserting ([3]) into ([T]) one obtains a set of differential 
equations for the unknown time-dependent coefficients g, 
a, {«p}, {/3p}, {5k,A}, {ak,A}, {«^'^} and {/3^'^}. These 
equations can be solved analytically if one uses the first 
order perturbation theory or the rotating-wave approxi- 
mation with respect to the interaction W . 

Solving these equations also yields the (effective) inter- 
action V'^'^ between the electrons. Although the motion 
of the electrons is nonrelativistic, this interaction nev- 
ertheless has, in general, to account for the retardation 
effect. It becomes of great importance when the time 
Tpr ~ R/c, which the light needs for traversing the dis- 
tance between the electrons, compares with or even ex- 
ceeds the effective time Te ~ l/wo of the electron transi- 
tions. For electrons undergoing electric dipole transitions 
the interaction V^^ reads 



V'^ = n.^e, 



(4) 



where ru and ^j {i,j = x,y,z) are the components of 
the coordinates of the electrons, a summation over the 
repeated indices is implied, and the real and imaginary 
parts of the complex tensor Qij are given by 
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If the distance R is relatively not large [k^R ^ 1) it 
follows from (O that \Re{Qij)\ > |/to(9i-,)| and the 
interaction Q practically reduces to the instantaneous 
interaction of two electric dipoles, proportional to 1/R^. 
However, at k^R ^ 1 the use of the instantaneous and 
retarded forms of the electron-electron interaction leads 
to large differences. The latter will be studied in detail 
in a forthcoming paper. 

We first examine the case of a weak EM field, where 
relatively simple formulas can be obtained for the ion- 
ization probability p^" . The weak field case is described 
by the first order perturbation theory with respect to the 
interaction W that is valid when max{WjPo,ri} T ^ 1, 
where W^^^ =< Xe\W+\xo >, T, = 2^/df]pPo|W^p^„,ol' 
(Wj^o =< Mp|Wo''l'^o >) is the width of the ground state 
of the atom A caused by its (direct) photo decay and 
T is the pulse duration of the EM field. Assuming for 
definiteness that the field is instantaneously switched on 
at t = 0, when both atoms are in the ground states, we 
obtain that the probability to find the atom A in its con- 
tinuum states is, for sufficiently long pulses (FqT > 1), 



given by 



pTiT) = dn. 
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Here, ilp and |po| = \^2{eo + ujq) are the solid angle 
and the absolute value of the momentum of the emitted 
electron, respectively, Vp^^ =< Up,xo\V'"''\uo,Xe >, Ta = 
Ta+Tr is the total width of the state ipa, where Ta and F^ 
are the contributions caused by two-center autoionization 
and spontaneous radiative decay of the excited state of 
the atom B, respectively, and 
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(7) 



Eqs.®-© show that there are three qualitatively dif- 
ferent pathways for ionization of the atom A. (i) The 
atom A is directly ionized by the EM field without any 
participation of the atom B. (ii) The field excites the 
atom B into the state Xe] the latter subsequently deex- 
cites by transferring the excess of energy to the electron 
of atom A which leads to its ionization, (iii) The EM field 
drives the electron of atom A into the continuum but the 
electron returns back into the ground state uq due to 
the two-center electron-electron interaction and only af- 
terwards the same interaction transfers the electron into 
the final continuum state Up^ . The pathways (ii) and (iii) 
are resonant and become efficient only if the frequency 
Wo lies in the interval AEb — Fa ^ wq ^ A_Eb + Fa . 

Assuming that fco^ ^ 1, the partial contribution of 
the pathway (ii) (2CPI) reads 
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It can be compared with the probability for photoioniza- 
tion of an isolated atom A given by Pdiroct = T^r^. At 
distances R, where Fa < F^, the ratio for the integral 
contributions of these two channels is given by 
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P2CPI X Fg 

Pdirect X Awo 
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(9) 



where ag is the Bohr radius and Awo is the spectral width 
of the EM field. When R decreases, rj becomes less 
steeply dependent on R and eventually i?- independent 
at distances, where Fa > F^. Although 2CPI is effec- 
tive only in the vicinity of the resonance while the direct 
channel may act for the whole width Auq 3> Fq , the ratio 
rj can be quite large. 

Indeed, let us consider, for instance, a van-der-Waals 
hetero-dimer such as NaKr (or LiAr) [20| in the elec- 
tronic ground state. For R w lOA , ujq ~ 10 eV, cor- 
responding to the Ap-bs transition in Kr, and assuming 
AujQ r^ ImeV, the PI of Na (Ia = 5.14eV) is enhanced 



by ?7 ~ 10"* due to 2CPI. This number may be considered 
a lower bound of the enhancement effect at the real equi- 
librium distance R w 5A, where the assumption Fa < F^ 
underlying Eq. Q might not hold. 

Another suitable van-der-Waals dimer is ^Li^'He. It is a 
very weakly bound and largely extended molecule. The 
mean internuclear separation amounts to R ^ 30-40A, 
according to theoretical calculations [21j]. Remarkably, 
even at distances that large, 2CPI triples the ionization 
yield from Li at ujq ~ 21 eV (and assuming again that 
Awo ~ 1 meV), which corresponds to the Is^ ^S-ls2p ^P 
transition in He. (Note besides that the retardation ef- 
fects contribute here at a level of 10-15%.) An alternative 
way of observing 2CPI in the Li-He system might em- 
ploy Li atoms attached to helium nanodroplets (i? ~ 5 
A). Spectroscopic studies of alkali atoms embedded into 
liquid helium have become possible in recent years |22| . 

Note that 2CPI may also occur in biological tissue after 
absorption of light or UV radiation. In fact, the process 
resembles the energy transfer between organic molecules 
via Forster resonances and related bystander effects [6J. 
The main difference is that 2CPI involves a resonant cou- 
pling to the continuum. 

Let us now turn to ionization in stronger EM fields, 
when Tt\a.yi{W^Q,Ti\T ^ 1, which can be considered us- 
ing the rotating wave approximation. Compared to the 
weak-field case, ionization of the atom A due to the pres- 
ence of the atom B is now enhanced less dramatically, but 
acquires interesting new features. In figure [2] we show the 
probability of ionization of a Li atom in the electromag- 
netic field with Fo = lO-'^ a.u. (/ = 3.5 x 10* W/cm^) 
when a He atom is located nearby (at R = 5, 7.5 and 10 
A). The frequency loq ~ 21. eV is chosen to be resonant 
to the Is^ ^S-ls2p ^P transition in He. For simplicity Fq 
is assumed to be directed along R [23|. For comparison 
the ionization probability of an isolated Li atom is also 
displayed. 

For the parameters chosen one has F^ — 2.7 x 10^* 
eV, iVFJfol = 4.3 X lO-'^ eV, F^ = 4 x 10"^ eV and Fa = 
4.9 x 10-6, 4.2 X 10""^ and 7.6 x 10"* eV for i? = 5, 7.5 and 
10 A, respectively. It is seen in the figure that compared 
to the ionization probability of an isolated Li atom, which 
simply monotonously increases with time, ionization in 
the presence of a He atom shows a step-wise behavior 
in which time intervals, where the ionization probability 
rapidly increases, are separated by intervals, where the 
probability remains almost constant. 

The origin of this is rather simple. In the resonant EM 
field the population of He oscillates between its ground 
and excited states with the frequency fl = 2|W^q|. Once 
the population of the excited state becomes noticeable, 
the two-center autoionization comes into play opening 
the additional pathway for ionization of the Li atom. 
When most of the population has returned back into the 
ground state of He the two-center autoionization effec- 
tively switches off and the ionization process weakens. 




biological systems. 
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FIG. 2; Ionization probability for Li in the presence of He as a 
function of time. Fq = 10"* a.u., the field frequency is resonant 
to the Is^ ^S—ls2p^P transition in He. The solid, dash and dot 
curves display results for R = 5, 7.5 and 10 A, respectively. For 
comparison, the ionization probability for an isolated Li atom in 
the same EM field is shown by the dash-dot curve. 



Since r^ exceeds Ti for all the three distances, for all 
of them the autoionization channel has a strong overall 
effect on the ionization of Li. 

Additional insight into the ionization process is ob- 
tained by considering the energy spectrum of emitted 
electrons. Such a spectrum is shown in figure [3] for four 
different values of T that enables one to trace the for- 
mation of the spectrum in time. The atomic system and 
the EM field are the same as in figure [2] and R = 5 A. In 
panel (a) the pulse duration is so short that the spectrum 
does not yet possess any substantial structure. However, 
in panel (b) one can already see in the spectrum three 
main maxima which develop into very pronounced peaks 
with a further increase in T (see panels (c) and (d)). The 
origin of these peaks is similar to the splitting into three 
lines of the energy spectrum of photons emitted during 
atomic fiuorescence in a resonant EM field [24)|. In such 
a field the ground and excited levels of He split into two 
sub-levels, which in our case differ by ft: eq — ^ ^o ± 51/2 
and ee — ;■ eg ± 57/2. As a result, when undergoing au- 
toionizing transitions the energy transfer to Li peaks at 
Wo and wq i 51/2. Additional multiple maxima, seen in 
fig. [3] when the condition TaT ^ 1 is fulfilled, are related 
to the finiteness of the pulse duration and the distance 
between them is roughly given by 27r/T. 

In conclusion, photoionization of an atomic center A 
can change dramatically in the presence of a neighbor- 
ing center B at nanometer distances provided one of the 
transition frequencies of the latter is close to the field fre- 
quency. This resonance effect is especially strong in the 
case of weak EM fields when it may enhance photoion- 
ization by orders of magnitude. In stronger EM fields 
photoionization acquires new interesting features. In par- 
ticular, a step- wise increase in the ionization probability 
with time and a splitting of the photoelectron spectrum 
into three prominent lines, similar to resonance fluores- 
cence, arise. This efficient two-center ionization mech- 
anism may also play a significant role in chemical and 
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FIG. 3: Energy spectrum of the emitted electrons, as a function 
of A = £p — £o — 1^0 1 for the same atomic system and field as in 
fig. [2] but only for R = 5 A. Panels (a), (b), (c) and (d) show the 
spectrum for the field pulse duration T = 3.7, 19, 92 and 920 ps, 
respectively. 
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